A spectroscopic analysis was carried out to clarify the properties of KIC 11145123 -the first main-sequence star with a determination of core-to-surface rotation -based on spectra observed with the High Dispersion Spectrograph (HDS) of the Subaru telescope. The atmospheric parameters (T eff = 7600 K, log g = 4.2, ξ = 3.1 km s −1 and [Fe/H] = −0.71 dex), the radial and rotation velocities, and elemental abundances were obtained by analysing line strengths and fitting line profiles, which were calculated with a 1D LTE model atmosphere. The main properties of KIC 11145123 are: (1) A low [Fe/H] = −0.71 ± 0.11 dex and a high radial velocity of −135.4 ± 0.2 km s −1 . These are remarkable among late-A stars. Our best asteroseismic models with this low [Fe/H] have slightly high helium abundance and low masses of 1.4 M ⊙ . All of these results strongly suggest that KIC 11145123 is a Population II blue straggler; (2) The projected rotation velocity confirms the asteroseismically predicted slow rotation of the star; (3) Comparisons of abundance patterns between KIC 11145123 and Am, Ap, and blue stragglers show that KIC 11145123 is neither an Am star nor an Ap star, but has abundances consistent with a blue straggler. We conclude that the remarkably long 100-d rotation period of this star is a consequence of it being a blue straggler, but both pathways for the formation of blue stragglers -merger and mass loss in a binary system -pose difficulties for our understanding of the exceedingly slow rotation. In particular, we show that there is no evidence of any secondary companion star, and we put stringent limits on the possible mass of any such purported companion through the phase modulation (PM) technique.
similar analyses have been carried out for other A/F stars (Saio et al. 2015; Schmid & Aerts 2016; Murphy et al. 2016) , each showing near-uniform core-to-surface rotation in stars near the terminal age main-sequence (TAMS).
The results of those papers suggest that if A-F stars typically rotate nearly rigidly at the end of main sequence, a strong angular momentum transport mechanism must operate during the main sequence evolution to produce such rigid rotation, and a mechanism such as internal gravity waves or mass accretion must exist to accelerate the rotation rate of the surface beyond that of the core.
The rotation period of KIC 11145123 is exceptionally long for a late-A star, and an explanation is needed for this slow rotation, along with the unexpected rigid rotation. Kurtz et al. (2014) posited some explanations and ruled out the possibility that the star is a magnetic Ap star because no known Ap star shows both g modes and low overtone p modes. They also rejected the possibility that the star is in a binary system synchronously rotating with an orbital period of 100 d, using the frequency modulation (FM) technique (Shibahashi & Kurtz 2012) . Instead, they suggested that the star could be either an Am star or a blue straggler, because all Am stars and many blue stragglers are known to rotate slowly (e.g. Lovisi et al. 2013a,b; Glaspey, Pritchet & Stetson 1994) .
To investigate their suggestion and clarify the properties of KIC 11145123, we performed a spectroscopic analysis of this star based on high-dispersion spectra obtained with the Subaru telescope. We also found new asteroseismic models based on our improved knowledge of the star's fundamental parameters and abundances. We find from the abundances and space velocity that the star is Population II, and our asteroseismic analysis requires some mass loss during the lifetime of the star, hence is consistent with the slow rotation. A remaining puzzle is the mechanism of that mass loss, since we are able to constrain any possible companion to sub-stellar mass, hence the star is not currently in a suitable binary to explain its earlier mass loss.
SPECTROSCOPIC OBSERVATIONS AND DATA REDUCTION
Our target, KIC 11145123, was observed with the High Dispersion Spectrograph (HDS; Noguchi et al. 2002) on the Subaru telescope on 2015 July 3. Echelle spectra were obtained in a standard StdYc setup covering the wavelength range of 4390 -7120Å, and using the image slicer #3 with 1 × 1 binning, which yields a wavelength resolution of 160 000. Four spectra were obtained, each with an exposure time of 2000 s, yielding a total exposure time of 8000 s. Basic data and the derived atmospheric parameters for our target are shown in Table 1 , along with the parameters of our best asteroseismic model derived in Section 6. Standard data reduction procedures (bias subtraction, background subtraction, cosmic ray removal, flat-fielding, extraction of 1D spectra, wavelength calibration, co-addition of spectra, combination into a single spectrum, and normalisation) were carried out with the iraféchelle package 1 .
1 iraf is distributed by the National Optical Astronomy Obser- The resultant spectra consist of a blue part with wavelength coverage of 4400 -5720Å, and a red part with 5800 -7120Å. Signal-to-noise ratios (S/N) were measured on peak continua of each order, and found for both blue and red parts to be 100 -120. To make a Doppler correction, the radial velocity was measured using 64 Fe i and 24 Fe ii lines. The radial velocity averaged with weights of line numbers is Vr = −145.4 ± 0.2 km s −1 , giving a heliocentric radial velocity of V h = −135.4 ± 0.2 km s −1 , as listed in Table 1 .
ATMOSPHERIC PARAMETERS
The parameters of the atmospheric model of our target, effective temperature (T eff ), surface gravity (log g), microturbulence (ξ), and metallicity ([Fe/H]), 2 were determined by following the principle and algorithm of iteration procedures described in Takeda, Ohkubo & Sadakane (2002) . Their iteration procedures are based on the equivalent widths (W λ ) and abundances determined from each of the selected Fe i and Fe ii lines, and find a final solution for the atmospheric parameters in the (T eff , log g, ξ) parameter space by adjusting the three parameters from their initial values by small amounts. Each perturbation also results in a new [Fe/H] .
In this procedure we selected 67 Fe i and 15 Fe ii lines from Westin et al. (2000) , and also 6 Fe ii lines from Takeda et al. (2005) . The gf -values of these Fe lines were also adopted from these sources. To analyse the Fe lines, we used the sptool software package developed by Y. Takeda 3 , which is based on Kurucz's ATLAS9 1D LTE model atmospheres and WIDTH9 program for abundance analysis (Kurucz 1993) . The program spshow was used to measure W λ by Gaussian profile fitting in most cases, but by direct integration in others, and the program width was used to derive abundances from the W λ of selected Fe lines. The selected lines of Fe i and Fe ii are given in Appendix A in Tables A1 and A2 along with the atomic constants and measured equivalent widths. We obtained our solution for the atmospheric parameters using a standard iterative method as follows. We began with atmospheric parameters for our starting model selected from the Kepler Input Catalogue (KIC) as revised by Huber et al. (2014) . At each iteration we initially kept T eff and log g fixed, and determined ξ by insisting that the abundances derived from the Fe i lines were independent of the corresponding W λ . This resulted in a new [Fe/H] that was used to determine T eff under the requirement of excitation equilibrium, which specifies that the Fe i abundances are independent of the lower excitation potential, χ. The final step in the iteration was to evaluate log g under the requirement of ionization equilibrium, such that the Fe abundance derived from Fe i and Fe ii lines are equal. The next iteration used the parameters thus obtained as the new starting model, until convergence was reached. The best-fitting parameters are: T eff = 7590 +80 −140 K, log g = 4.22 ±0.13, ξ = 3.1 ± 0.5, and [Fe/H] = −0.71 ± 0.11.
As a check of these parameters, we calculated the reduced chi-squared statistic, χ 2 r , for 16 models created from the four parameters perturbed by their uncertainties. We adopted the set of observed W λ of 67 Fe i and 21 Fe ii lines from Tables A1 and A2 , and calculated W λ of each line for each model with 88 degrees of freedom. None of those 16 models had χ 2 r lower than that of the best-fitting model, for which we found χ 2 r = 3.20.
ROTATION VELOCITY
The exceptionally long rotation period near 100 d of KIC 11145123 derived asteroseismically by Kurtz et al. (2014) to predict a surface equatorial rotation velocity of veq = 1 km s −1 , implying v sin i 1 km s −1 . However, observational measures of v sin i are made from line broadening, which includes macroturbulent broadening, as well as pulsational broadening from both the p modes and the g modes in this star. These additional broadening mechanisms are discussed, modelled and evaluated by Murphy et al. (2016) in the context of another relatively slowly rotating γ Dor star, KIC 7661054, where they find that the combination of the pulsational and macroturbulent broadening are of the order of several km s −1 , and certainly less than a total of 10 km s −1 . It is common usage to give the line broadening measurement as if it were only v sin i, and this is a good approximation for moderate to fast rotating stars. However, when the equatorial rotation velocity is of the order of a few km s −1 , then it is necessary to be aware that the line broadening originates from these multiple sources.
A-type stars with normal abundances in general rotate relatively fast, with v sin i > 100 km s −1 . Even the chemically peculiar Ap and Am stars, which generally have v sin i < 100 km s −1 , still often show equatorial rotation velocities of tens of km s −1 . Thus the asteroseismic prediction that the total line broadening from rotation, pulsation and macroturbulence of v sin i 10 km s −1 for KIC 11145123 is a strong prediction that is easily falsified, should it be incorrect -in particular, should the rotation period be significantly less than the 100 d measured asteroseismically by Kurtz et al. (2014) . Therefore to test for the predicted slow rotation of our target, we performed line profile fitting to derive the convolved line broadening velocities. The line profile fittings were made based on the final model atmosphere, using the program mpfit in the sptool software package under the following assumptions as described by Takeda, Sato & Murata (2008) :
(1) The observed spectrum is a convolution of the modelled intrinsic spectrum and the total macrobroadening function, fT.
(2) fT is a convolution of three functions: the instrumental broadening fi; the projected rotation broadening, fr; and the macroturbulence broadening (which includes the pulsational broadening), fm. Thus, fT = fi * fr * fm (* denotes convolution).
(3) We approximate these broadening functions with the same Gaussian form, parametrized by the e-folding half-
, where k represents any of the suffixes. These broadening parameters are thus related as v
(4) The combined broadening function, frm, of the projected rotation broadening and macroturbulence broadening functions is defined as frm ≡ fr * fm, together with the relation of the combined broadening parameter, vrm ≡ v
The instrumental broadening was estimated to be vi = c0/(2 √ ln 2 R) = 1.13 km s −1 , where c0 is the speed of light and R the spectral resolution (160 000), which is derived from measurements of the full width at half maximum of emission lines of the Th-Ar comparison spectrum. Landstreet et al. (2009) To confirm the validity of our fitting procedure to obtain vT and vrm, we first made a test calculation for the lines studied by Landstreet et al. (2009) to test in KIC 11145123 their argument that for stars with T eff less than about 10 000 K, v sin i is dependent on line strengths, W λ , so that the signatures of local velocity fields may become more evident in stronger lines. They used 10 selected lines of Cr ii, Ti ii, Fe i, and Fe ii to investigate the atmospheric velocity fields in a sample of sharp-lined main-sequence A stars. They found 8 mainsequence A stars with T eff < 10 000 K in which evidence of velocity fields is directly detected in line profiles showing depressed blue wings and a discrepancy between observed and theoretical line shapes (see their Table 2 ). Among these A stars, v sin i values were also estimated; they found that the measured v sin i is smaller when derived from weak lines than from strong lines, indicating a dependence of v sin i on line strengths. They speculated that velocity fields are probably convective motions reaching the atmosphere.
Confirmation of an argument by
To confirm the dependence of v sin i on line strengths, we adopted four lines (Cr ii 4554.99Å and 4634.07Å, Ti ii 4563.76Å, and Fe i 4637.50Å) used by Landstreet et al. (2009) , and measured W λ of these lines in the observed spectrum of our target. The values of vT and vrm were derived from profile fittings to these lines, based on the atmo- spheric model of our target. The gf values of these lines were adopted from Castelli & Hubrig (2004) . The uncertainties of vrm were estimated from the simulations of profile fittings to each line for several values of vT.
The results are shown in Table 2 , where the values of vrm are noticeably dependent on W λ , indicating that v sin i depends on line strengths as argued by Landstreet et al. (2009) . Because our target has T eff = 7590 +80 −140 K, the comparison with the sample in Landstreet et al. (2009) is valid. Consequently, we verified our fitting procedure and arrived at the conclusion that vrm, corresponding to v sin i, is least influenced by local velocity fields in the weak line limit as W λ → 0 mÅ.
Investigating line broadening and the rotational velocity
To disentangle the line-broadening contributions, we selected 51 lines from the 67 lines used in Section 3 by adopting those with the least-blended (most symmetric) profiles. The profile fitting calculations yielded the results of vT and then vrm. An example of the typical fitting is shown for the Fe i 5569Å line with its W λ = 44.4 mÅ in Fig. 1 . The converged solution of fitting gives vrm = 6.6 km s −1 and an abundance of log Fe i = 6.73, which agrees well with the final abundance of log Fe = 6.79 (corresponding to [Fe/H] = −0.71), demonstrating that our fitting procedure works well.
The behaviour of vrm derived from 51 lines is shown as a function of W λ in Fig. 2 . When we estimate the rotation velocity vr from the projected rotation velocity vr sin i, we must separate the macroturbulence vm from vrm. The separation procedure requires a sophisticated approach such as the one adopted by Gray (2014) , who analysed v sin i of five early-A slow rotators by deriving the radial-tangential macroturbulence (ζRT) from the Fourier transforms of the observed line profiles, based on spectra with very high S/N of 370 -1840. His sample stars had v sin i = 6.0 -26.2 km s −1 , along with ζRT = 5.7 -2.0 km s −1 . For example, o Peg had v sin i = 6.0 km s −1 and ζRT = 5.7 km s −1 ; α Dra had v sin i = 26.2 km s −1 and ζRT = 2.0 km s −1 . From these results, Gray suggested that even with the relatively large uncertainties in ζRT, there may be a connection between ζRT and v sin i, in that larger rotation may result in smaller macroturbulence. However, with the radialtangential macroturbulence formulation having being set up with solar granulation in mind, Gray was cautious of its application to A stars without large convective envelopes. Taking into account his discussions (Gray 2014) and the lower quality (S/N = 100 -120) of our spectrum, we did not attempt to separate vm from vrm. Since vrm < 8 km s −1 (Fig. 2) , ζRT may account for the majority of vrm.
Following the suggestion described in Section 4.1 that vrm is least influenced by local velocity fields in the weak-line limit as W λ → 0 mÅ, we adopted the intercept of the vrm axis of the linear least-squares fit shown in Fig. 2 , vrm,0 = 5.9 ± 0.2 km s −1 , as the apparent projected rotation velocity, va sin i. The error bar is the error in the value of the intercept taking into account errors in both coordinates.
It is found that vrm,0 = 5.9 km s −1 is consistent with vrm shown in Table 2 for the lines of Cr ii, Ti ii, and Fe i. We also calculated vrm for 19 lines of Fe ii, and found the intercept value of the least-squares fit to the plot of vrm vs W λ to be 7.0 ± 0.3 km s −1 , which is in acceptable agreement with vrm,0 = 5.9 ± 0.2 km s −1 . Hence we are confident of the validity of choosing Fe i lines for the determination of the rotation velocity.
Our apparent projected rotation velocity va sin i = 5.9± 0.2 km s −1 confirms that our target is a very slow rotator, as Kurtz et al. (2014) found asteroseismically. The vr sin i = 1 km s −1 predicted by Kurtz et al. (2014) is well-supported. We therefore suggest that the difference between our measured va sin i and their prediction is significant for exploring macroturbulence and the pulsational velocity fields in the atmosphere of this star.
ABUNDANCE ANALYSIS
Abundances for the selected elements were determined using the sptool software package based on the final model atmosphere. Its spshow program was used to measure W λ of lines of the elements by Gaussian profile fitting in most cases, but direct integration in others, and the program width was used to derive abundances from W λ . Atomic data of wavelengths, χ, log gf values are based on Kurucz & Bell (1995) , but when updated log gf values were available from Castelli & Hubrig (2004) , those were adopted instead. Table B1 in the Appendix shows the atomic data, W λ , and the abundances derived from each line together with the average abundances for each ion and the number of lines used.
We searched for a magnetic field by applying the method of Mathys (1990) , which uses the ratio of the strengths of the Fe ii 6147.7Å and 6149.2Å lines to estimate the mean magnetic field modulus H . Within the errors, we found no significant difference in strength between these two magnetically sensitive Fe ii lines, hence our analysis proceeded with the assumption of no magnetic broadening. It should be noted, however, that within the errors we cannot rule out a magnetic field strength of the order of 1 kG.
We treated the Li doublet as a single line because only an upper limit for equivalent width could be measured, as noted in Table B1 . The upper limit of W λ was estimated to be 0.4 mÅ by the Cayrel (1988) formula for δx = 0.014Å, w = 6708Å/R (at spectroscopic resolution R = 160 000), and S/N= 110.
The abundances of other doublet or triplet lines were obtained using the program mpfit via Gaussian profile fitting (denoted "doublet fit" or "triplet fit" in Table B1 .) When hyperfine splitting (hfs) components and relative isotopic fractions of odd nuclei are both available and significant for a given line, the Gaussian profile fitting takes the hfs components and relative isotopic fractions into account. Test calculations demonstrated that lines with relative isotopic fractions less than 0.1, or with W λ 20 mÅ, yield negligible differences that are less than 0.02 dex between abundances with and without hfs components and isotopic fractions. We adopted hfs components and isotopic fractions from Kurucz (2011) 4 for Sc ii and Mn i, and from McWilliam (1998) for Ba ii. The corresponding lines are labelled as "hfs fit" in Table B1. The resulting abundances of each element are summarised in Table 3 .
To illustrate the abundance pattern relative to the Sun, we depicted [X/H] against atomic number in the top panel of Fig The abundances of volatile elements, namely C and O, are also important for distinguishing metal-poor stars from the chemically peculiar class of λ Boo stars, which have Fe-peak elements that are underabundant, but volatile elements that are solar (Stürenburg 1993 ). Since we observe the volatile elements to be sub-solar in KIC 11145123, we conclude it is not a λ Boo star, either.
The abundance pattern relative to Fe is shown in the bottom panel of 
MODEL
It is a well-known problem that model frequencies in δ Sct and γ Dor stars are difficult to match to the precision of the observed frequencies. Nevertheless, to proceed it is assumed that finding a "best model" -one that has frequencies close to the observed ones -is an informative proce- Table 3 . Summary of abundances of each element. Average abundances of log X for element X are given in the 3rd column. Standard deviations of each log X, uncertainties due to error bars of T eff , log g , and ξ (labelled tgξ in column 7), and total uncertainties are given in the 6th, 7th, and 8th columns, respectively. The numbers of doublet or triplet lines, and lines of hyperfine structure (hfs) fit used to derive the abundances are given in the remarks column. The uncertain abundances are noted as "uncertain" in the remarks. Solar abundances from Asplund et al. (2009) dure that gives some real information on the evolutionary state and structure of the star. In their discovery paper of the core-to-surface rotation of KIC 11145123, Kurtz et al. (2014) tried to find asteroseismic stellar models that best fitted the pulsation frequencies -particularly the g-mode series of frequencies and some of the p-mode frequencies. This suggested to Kurtz et al. (2014) that the star is near the terminal-age main-sequence, has enhanced helium abundance, and perhaps low metallicity. That led to the conjecture that KIC 11145123 is a Population II star, which was the impetus for our acquiring the high-resolution Subaru spectrum and carrying out this study. As we have seen in Section 5, KIC 11145123 has very low metallicity, hence we have searched for models consistent with observed pulsation frequencies of KIC 11145123 in the same way as described in Kurtz et al. (2014) , except that we have adopted here much lower metallicity, Z = 0.003, according to the spectroscopic analysis in this paper. Kurtz et al. (2014) obtained rotationally split highorder dipole g-mode as well as p-mode frequencies from the Kepler photometric data. To constrain our models we used the mean period separation of the dipole g modes, ∆Pg, (rather than each g-mode frequency) and the frequencies of the five largest-amplitude p modes; for rotational multiplets, the central frequencies (corresponding to zonal modes) were used.
It is difficult to determine precisely the period spacing of the g modes of KIC 11145123 because this slightly depends on the range of periods and it has some irregularities (see figure 6 in Kurtz et al. 2014) . We adopted ∆Pg = 0.0245 ± 0.0002 d for the purpose of constraining our models, although the models obtained are not very sensitive to the exact value of ∆Pg.
The largest-amplitude p mode at a frequency of 17.964 d −1 (ν1; we follow the frequency nomenclature of Kurtz et al. 2014 , where this is ν1, and so-on for further frequencies below) shows no rotational splitting -it is a singlet; this is considered to be a radial mode. The other four large amplitude frequencies; 18. (ν3), 19.006 d −1 (ν4), and 22.002 d −1 (ν5) are triplets and quintuplets; i.e. nonradial modes of ℓ = 1 and 2. We first obtained models having ∆Pg and a radial mode consistent with ν1, then we examined the consistency with the other four p modes by calculating the mean deviation of the frequencies, and by comparing T eff and log g with the spectroscopic values of KIC 11145123 derived in Section 3 and also given in Table 1 .
Evolutionary models were calculated using Modules for Experiments in Stellar Evolution (MESA; Paxton et al. 2013 ) with the same settings as in Kurtz et al (2014) : i.e., the heavy element abundance, Z = 0.003, was scaled by the solar mixture of Asplund et al. (2009) ; the radiative OPAL opacity tables (Iglesias & Rogers 1996) were used; and mixing length was set equal to 1.7 Hp, where Hp is the pressure scale height. Atomic diffusion was activated in the code to erase noise in the Brunt-Väisälä frequency. The parameters specifying an evolutionary track are mass, initial chemical composition (X, Z), and a core-overshooting parameter hov, in which hovHp gives an exponential decay length of mixing efficiency (Herwig 2000) above the convective core boundary. (Another often used overshooting parameter αov, in which a step-wise mixing in a range of αovHp is assumed, approximately corresponds to 10hov.)
As evolution of the stellar model proceeds for a given set of parameters, the mean period spacing ∆Pg decreases gradually, and at a particular evolutionary stage it becomes equal to the observed value 0.0245 d, shown as a big dot in Fig. 4 for four different evolutionary tracks. However, for most models no radial mode of the model reproduces ν1.
When that was the case we changed the mass slightly and repeated the calculation until we obtained a model that reproduced both ∆Pg and ν1. This corresponds, in Fig. 4 , to the positions of the filled circles, where the evolutionary tracks cross a horizontal dashed line.
Since it is possible for ν1 to be identified as either the fundamental (F) mode, the first overtone (1Ovt) mode, or the second overtone (2Ovt) mode, we find, in general, three such models for a given set of (X, Z, hov). Fig. 4 shows the locations in the log T eff − log g plane of three models with (X, Z, hov) = (0.70, 0.003, 0.02) and one model with (0.70, 0.003, 0.025). For a given X, larger hov yields a cooler model, so that we can tune hov to have a model with T eff consistent with the spectroscopic value of KIC 11145123.
Mean deviations of ν2 . . . ν5 of KIC 11145123 from the models thus obtained are shown in Fig. 5 , in which T eff and log g are also compared with those of KIC 11145123. The mean deviations for the models with ν1 being identified as second radial overtone modes (2Ovt) are in most cases less than 0.2 d −1 (i.e. less than ∼1 per cent); these are significantly smaller than those of the models with ν1 being identified as the fundamental radial overtone (F). However, the surface gravities of the models that identify ν1 as belonging to the second radial overtone (2Ovt) are lower than the spectroscopically measured log g = 4.22 ± 0.13 (Table 1) by about 2.4σ. On the other hand, although models that identify ν1 with the fundamental radial mode (F) have surface gravities more consistent with the spectroscopic value, the mean deviations of the pulsation frequencies are much higher (∼5 per cent). It is not clear at present how to tune the models for better consistency with the observations. It seems probable that the internal structure of KIC 11145123 deviates considerably from the structure of the models calculated assuming single-star evolution; further fine-tuning of the models needs a dedicated study of the internal structure of non-standard models.
We note that models with a larger initial hydrogen abundance are slightly more massive, but the mean deviations hardly depend on X. A hydrogen abundance of X = 0.75 (corresponding to Y = 0.247) is probably close to normal for a Z = 0.003 single star. However, the ages of the X = 0.75 models are ∼ 1.5 − 3 × 10 9 yr; which are too young for a single star, having evolved normally in our Galaxy, to have the low metallicity of Z = 0.003 ([Fe/H] = −0.7) of KIC 11145123. 
DISCUSSION
To clarify the properties of our target, we discuss the atmospheric parameters, the rotation velocity and the abundance pattern in this section. We discuss interpretations of these and the asteroseismic results in terms of a blue straggler.
Atmospheric parameters
We determined the atmospheric parameters of T eff , log g, ξ, and [Fe/H] spectroscopically, using Fe i and Fe ii lines. Values of T eff , log g and [Fe/H] are also available from broadband photometry and colour indices from the automated analysis of Huber et al. (2014) . There are differences between our values and those of Huber et al. (2014) , which are ∆T eff = −461 K, ∆log g = +0.25, and ∆[Fe/H]= −0.57 dex, in the sense [(ours) − (Huber et al.) ].
While we fully expect that our atmospheric parameters from our high resolution, high S/N spectra are more accurate than those from much lower resolution broadband photometry, to examine the validity of our derived parameters further, we compare them with those of 117 Kepler A and F stars investigated by Niemczura et al. (2015), who obtained the final values of these parameters using Fe i and Fe ii lines Figure 5 . The surface gravity (bottom panel), the effective temperature (middle panel), and the mean deviation from observed p-mode frequencies (top panel) of each model satisfying the conditions of ∆Pg ≈ 0.0245 d and a radial mode frequency equal to ν 1 (i.e., dots crossing one of the horizontal dashed lines in Fig. 4 ) are plotted. Different symbols are used for models with different initial hydrogen abundances (X = 0.75, 0.70, 0.60). For a given X, some values for the overshooting parameter hov in a range between 0.01 and 0.03 are adopted to obtain models with T eff close to the spectroscopic value of KIC 11145123. Models with the same X but different hov are connected by lines. Red, black, and blue colours are used for models which identify the observed ν 1 as the fundamental (F) mode, the first overtone (1Ovt) mode, or the second overtone (2Ovt) mode, respectively (see top panel). The spectroscopic values of log T eff and log g and their error ranges of KIC 11145123 are shown by horizontal lines.
based on high-resolution spectra, in the same manner as we did. They compared the behaviour of the parameters between their values and those of Huber et al. (2014) , taking differences of each parameter into account.
For T eff , figure 3(a) of Niemczura et al. (2015) depicts the behaviour of ∆T eff = T eff (SPEC) − T eff (H2014) [where T eff (SPEC) is their value and T eff (H2014) that of Huber et al. (2014) ], which has large scatter of ±600 K as a function of T eff (SPEC). When we plot our ∆T eff = −461 K in their figure 3(a), it is included in the negative scatter range. Niemczura et al. (2015) suggested that the accuracy of their spectroscopic temperatures is supported because the temperatures derived from spectral energy distributions agree well with T eff (SPEC) within a scatter of about ±300 K. According to their suggestion, and from an evaluation of the quality of each method, we consider our atmospheric parameters, T eff , log g and [Fe/H] to be more reliable than those from broadband photometry. This is unsurprising.
The values of microturbulence ξ derived by Niemczura et al. (2015) are plotted in their figure 5. Our ξ is consistent with the behaviour of non-chemically peculiar stars at T eff ∼ 7600 K.
Rotation velocity and magnetic braking; Ap stars
Our apparent projected rotation velocity, va sin i = 5.9 ± 0.2 km s −1 is extremely slow compared with the distribution of v sin i for the stars with similar temperatures in the range 7000 T eff 8000 K (Niemczura et al. 2015) . Their figure 7(e) shows, and their electronic table 3 lists, values of v sin i distributed between 8 and 260 km s −1 , but mostly between 50 and 150 km s −1 (note that they do not take into account macroturbulence, hence their minimum v sin i is overestimated). Thus the reason why KIC 11145123 rotates so slowly is unclear; this important point needs to be explored: Why does KIC 11145123 rotate so slowly compared with the majority of A and early F stars?
It is well known that Ap stars with magnetic fields rotate more slowly than normal A stars. Stȩpień (2000) suggested that magnetic Ap stars become slow rotators due to loss of angular momentum by magnetic braking in the premain-sequence phase. While our search for a magnetic field in KIC 11145123 yielded a null result, it did not rule out a field strength of the order of 1 kG, which is typical of the field strengths found in many Ap stars. However, our abundance analysis clearly shows that KIC 11145123 is not an Ap star -as we argue in section 7.4.2 -hence we take the null result for the magnetic measurement to be correct, and conclude that magnetic braking is not a viable hypothesis for the remarkably slow rotation of this star.
Phase modulation and a stringent upper limit on the mass of any companion; Am stars
It is well known that metallic-lined A stars -the Am stars -are relatively slow rotators with v sin i 100 km s −1 (Abt 1967) . These stars are typically in close binary systems with orbital periods of 1 − 10 d, where spin-orbit synchronisation has slowed the rotation of the Am star. This slow rotation is a requisite for the effects of atomic diffusion to alter the atmospheric abundances in Am stars. We therefore searched for evidence of a binary companion to KIC 11145123.
We found no evidence of such a companion, and have derived stringent upper limits for the allowable mass of any possible companion using the phase modulation (PM) method . We divided the data into 5-d segments to search for changes in the pulsation phase that could be caused by binary motion. Phase changes were converted into time delays, which are shown in the top panel of Fig. 6 . We used only the pmode singlet; the g modes and non-radial p modes are rotationally split, and the azimuthal components are not resolved in 5-d light-curve segments. To improve the precision we pre-whitened all other peaks in the Fourier transform of the light curve with amplitudes exceeding 0.2 mmag. The lower panel of Fig. 6 shows the upper limits to M2 sin i in the 10-2000 d period range. A companion with M2 sin i consistent with a brown dwarf could exist at some periods, but the peaks in the lower panel of Fig. 6 could be caused by residual low-amplitude oscillations near the p-mode singlet instead.
We thus find that no stellar mass companion is present for orbital periods of 10 − 2000 d from our PM analysis, and shorter periods of 1 − 10 d would produce ellipsoidal varia- tion in the high-precision Kepler light curve. We certainly rule out rotation and orbital coupling in a 100-d binary. The caveat is that this is dependent on the orbital inclination; if there were a companion in an orbit with very low inclination, then we would be insensitive to that, both in the PM analysis and in the ellipsoidal variations. However, Kurtz et al. (2014) showed that the g-mode pulsations have very low visibility of the axisymmetric modes, which strongly suggests that the modes have high inclination. Unless there is a strong misalignment of the purported orbital inclination and the pulsation axis, this also argues against any companion. Finally, no F, G or K main-sequence companion can be present because we would see evidence in our high resolution spectra.
With our abundances -discussed in detail in the next section -and these arguments, we conclude that KIC 11145123 is not an Am star and that it is currently not in a binary system. Thus orbital synchronisation is not the cause of the slow rotation. However, we return to this latter conclusion in the discussion below -and this is the reason we italicised "currently" -because we conjecture that previously KIC 11145123 may have been in a binary system to give it its current blue straggler stellar structure.
Abundance pattern
In this Section we compare the abundance patterns relative to Fe in our target and in Am, Ap and blue stragglers to clarify the properties of our target and to give an answer to the prediction by Kurtz et al. (2014) that our target is either an Am star or a blue straggler.
Comparison with Am stars
In the top panel of Fig. 7 we compare the abundance pattern (except for Li) of KIC 11145123 with those of the average abundances of the 96 normal A-F stars and 13 Am stars adopted from Niemczura et al. (2015) .
The abundance pattern of our target is consistent with that of normal A-F stars, and inconsistent with that of Am stars because the typical underabundances of Ca and Sc, and overabundances of Ba and rare-earth elements, for Am stars are not observed. Hence we conclude that our target is not an Am star.
Comparison with roAp stars
In the bottom panel of Fig. 7 we compare the abundance pattern of our target with those of the same normal A-F stars as adopted above, and the average abundance pattern of five roAp stars: HD 203932, Gelbmann et al. (1997) ; 10 Aql, β CrB, and 33 Lib, Ryabchikova et al. (2004) ; KIC 4768731, Niemczura et al. (2015) ; and one δ Sct star with an Ap chemical signature: HD 41641, Escorza et al. (2016) .
The abundance pattern of our target is not consistent with those of roAp stars: C and O are not underabundant, and rare-earth elements show no enhancement. The abundance pattern is consistent with that of normal A-F stars, just as in the comparison with Am stars. Hence we conclude that our target is not an Ap star, rapidly oscillating or otherwise. Fig. 8 compares the abundance patterns of KIC 11145123, normal A/F stars and 25 λ Bootis stars. The sample of λ Boo stars consists of nine, six, and ten stars adopted from Stüren-burg (1993), Paunzen et al. (1999) and Heiter (2002) , respectively, which are confirmed as λ Boo stars by Murphy et al. (2015) , and their average abundances are plotted in Fig. 8 . The volatile elements C, O, Na and S show enhancement of ∼1 dex compared to Fe, in contrast to KIC 11145123 and also to normal A/F stars. We therefore conclude that KIC 11145123 is not a λ Boo star.
Comparison with λ Boo stars

Comparison with blue stragglers
KIC 11145123 has a large radial velocity of V h = −135.4 ± 0.2 km s −1 . We do not have a parallax, therefore no distance measurement, but can get a rough estimate of distance from the luminosity of the best asteroseismic models of Kurtz et al. (2014) , who give log L/L⊙ = 1.1, and the approximation that the Kepler magnitude, Kp = 13.1, is close to Johnson V . Together those give a distance of about 1.7 kpc. The galactic longitude of KIC 11145123 is 81.7
• , which means the star is nearly in the direction of galactic rotation. With the approximate distance, it is easy to calculate that KIC 11145123 is at about the same distance from the galactic centre as is the Sun. If we assume that the observed radial velocity of KIC 11145123 is close to the component of its peculiar velocity along the direction of Galactic rotation, given the Sun's galactic orbital velocity of 220 km s −1 and its component of the peculiar velocity V⊙ = 5.2 km s −1 , the large velocity of approach of KIC 11145123 of −135 km s −1
shows it, therefore, to be orbiting in the direction of rotation of the Galaxy with the rotation component of Θ = 90 km s −1 , -albeit much more slowly than the Sun and typical Population I stars -indicating that it is a halo, or runaway star. The galactic latitude of KIC 11145123 is 12.5
• , which at a nominal distance of 2 kpc puts it about 400 pc above the galactic plane, near the edge of the thin disk, of which it is probably not a member. Without a parallax and proper motion, we cannot characterise the space motions more than this at present, but these properties, along with the low metallicity, are shared with the blue stragglers that are known to exist in many globular clusters, old open clusters, and among the field Population II stars in the Galactic bulge and halo (e.g. Glaspey, Pritchet & Stetson 1994; Lovisi et al. 2013a) .
As a final discussion on the abundance pattern of our target, we compare our target with blue stragglers in the abundances of Li, C, and O. In Fig. 9 we depict the behaviour of [Li/Fe] as a function of [Fe/H] for the 20 high velocity A-F stars taken from Glaspey, Pritchet & Stetson (1994 , Table  3 ) and our target. They identified the 15 Li-weak stars as halo and thick-disk blue stragglers, or old and mostly thindisk blue stragglers, of which 13 stars are shown with upper limits on the Li abundance. We also plot [Li/Fe] of 14 normal A stars taken from Takeda et al. (2012) and Burkhart & Coupry (2000) .
As can be seen from Fig. 9 , the [Li/Fe] of our target is certainly lower than those of normal A stars and a few Li strong stars of Glaspey, Pritchet & Stetson (1994) , but is compatible with the Li-weak blue stragglers. The low abundance of Li on its own argues that KIC 11145123 during its lifetime has had a thick surface convection zone that took 7 Li down to levels where the temperature was 2.4 MK, where it is destroyed in fusion reactions. Main-sequence A and early F stars do not have convection zones thick enough to do this. We therefore deduce that KIC 11145123 had an earlier mainsequence, or post-main-sequence, life with a convection zone thick enough to reach the temperature of Li burning.
In Fig. 10 we illustrate the behaviour of [O/Fe] vs [C/Fe] for our target and the blue stragglers in the globular clusters of NGC 6752 and M 4 adopted from Lovisi et al. (2013a) and Lovisi et al. (2010) , respectively. The turn-off dwarf stars in NGC 6752 adopted from Carretta et al. (2005) and the distribution region of the CO-depleted blue stragglers in 47 Tuc adopted from Ferraro et al. (2006) are shown for comparison.
The adopted sample of blue stragglers in NGC 6752 has log g ∼ 4 and v sin i < 40 km s −1 -consistent with those of our target -while [Fe/H] (∼ −1.5 dex) is different. The sample of blue stragglers in M4 shows v sin i < 5 km s −1 in most cases, but is different in [Fe/H] (∼ −1.3 dex) and radial velocities (+70 to +90 km s −1 ). The turn-off dwarf stars in NGC 6752 overlap with these blue stragglers. These blue stragglers and turn-off dwarf stars are clearly distributed in a different region outside the region of CO-depleted blue stragglers in 47 Tuc. Our target's location is compatible with (Lovisi et al. 2013a , black filled circle) and M 4 (Lovisi et al. 2010 , green open circle), and for turn-off dwarf stars in NGC 6752 Carretta et al. 2005 , blue open square). Our target is shown with red filled circle. The distribution of CO-depleted blue stragglers (Ferraro et al. 2006 ) is shown as the box with a dashed line.
the observed abundances of both the blue stragglers and the turn-off dwarf stars. Lovisi et al. (2010) and Lovisi et al. (2013a) found that there is no depletion of C and O abundances in their samples of blue stragglers with slow rotation, and suggested that the studied blue stragglers in M4 and NGC 6752 may derive from stellar collisions, for which no chemical anomalies are expected.
Taking into account the consistencies found in the behaviour of Li, C, and O between our target and the blue stragglers, we conclude that our target is a blue straggler.
Summary of the spectroscopic analysis
We analysed the properties of our target, KIC 11145123, based on high-dispersion spectra obtained by HDS on the Subaru telescope. We summarise the results of the spectroscopic analysis of our target as follows:
(1) The atmospheric parameters are derived from the Fe i and Fe ii lines: T eff = 7590 (2) The apparent projected rotation velocity va sin i = 5.9 ± 0.2 km s −1 is consistent with the asteroseismically predicted veq = 1 km s −1 convolved with macoturbulent and pulsational broadening.
(3) The comparisons of abundance patterns of [X/Fe] between our target, normal A-F stars, Am stars, and roAp stars show that our target is neither an Am star nor an Ap star, but follows consistently the pattern of normal A-F stars.
(4) Our analysis of [Li/Fe] (Saio et al. 2015; Schmid & Aerts 2016; Murphy et al. 2016) . It is true that there is a selection effect in these first studies of core-to-surface rotation in that the rotational splitting in the nonradial mode multiplets is easier to see for slow rotation. Nevertheless, the slow rotation is real, and needs explanation. We have found in this paper that KIC 11145123 has the attributes of a field blue straggler. It has low metallicity of [Fe/H] = −0.71. This alone probably requires that star to be older than the Sun, since it had to be born at a time and place in galactic history when the metallicity of the interstellar medium was less than that when and where the Sun was born. Since this is variable with position within the Milky Way, no precise age can be ascribed to KIC 11145123, but it certainly is much older than the ∼1 Gyr lifetime of a main-sequence A star, hence it cannot have been born an A star. This is supported by our asteroseismic mass of 1.4 M⊙ for our best model of the star; this is much lower than the 1.7 M⊙ expected for a Population I A star of the same T eff = 7600 K and log g = 4.2. And the radial velocity of −135 km s −1 shows the star to be Population II. There is a time and age problem. If KIC 11145123 was born 5 − 10 Gyr ago, which would be consistent with its [Fe/H] = −0.71, then what has it been doing all this time to now be an A star with only a 1-Gyr main-sequence lifetime? We suggest that only merger or mass transfer in a binary system can account for this, and those are a common pathways for stars to become blue stragglers. Yet both pathways present problems.
If we imagine a stellar merger, then KIC 11145123 would have started life as a much lower mass star. It would have been below the Kraft Break, hence would have had relatively slow rotation to begin with. The merger would have increased its mass to the current 1.4 M⊙ of our best asteroseismic model, mixed the interior, and moved the star to the main-sequence with a somewhat enhanced He abundance, as in our best model. Mergers have been modelled with the formation of a circumstellar disk coupled to a ∼200 G magnetic field to explain slow rotation of blue stragglers (Sills, Adams & Davies 2005) , but those models do not specifically address the excessively slow rotation with a period of 100 d. As we have pointed out, KIC 11145123 is far from the only A-F star in the Kepler data that shows excessively slow rotation. A common mechanism is needed to understand the rotation, hence for the merger model to apply in this case, it must be a common pathway to the formation of blue stragglers, rather than a rare one.
The other pathway to a blue straggler is for mass to be stripped by a companion in the evolution of a binary system. This, too, could leave the donor star with enhanced He abundance, and the change in structure with the mass loss could result in some internal mixing to get the resultant star back onto the main-sequence with its new mass and structure. Mass loss could also shed angular momentum. This seems a more promising idea than merger. But, we have put stringent upper limits that the mass of any current companion must be less than stellar, if we accept that the amplitudes of the g-mode dipole triplets give some information on the rotation axis, and that there isn't an extreme -say nearly 90
• -spin-orbit misalignment in the purported binary. That leaves some room to manoeuvre in this scenario, but it, too, seems improbable, and we are looking for a mechanism that can produce many late A and early F very slowly rotating stars.
We do not have a suggestion that is consistent with all that we have learned of this star from our spectroscopic and asteroseismic studies. The star is Population II. It is metal poor and has high space velocity. It is not an Am or Ap star. It is on the main-sequence. It does have a 100-d rotation period. What is it and how did it get that way? We do not yet know. GAIA will provide a parallax and proper motion that will give better understanding of the star's space motion, but that is unlikely to give a definitive understanding of the evolutionary pathway to such an unusual object. Progress is more likely to come with the analysis of similar very slowly rotating A stars from existing Kepler data, and from data from the upcoming TESS mission. 
